A formalism based on a chiral quark model (χQM) approach complemented with a one-gluon exchange model, to take into account the breakdown of the SU (6) ⊗ O(3) symmetry, is presented. 
I. INTRODUCTION
Electromagnetic production of mesons on the nucleon offers a great opportunity to deepen our understanding of the baryon resonances properties. In recent years, intensive experimental efforts have been devoted to the measurement of observables for the processes of pseudoscalar and vector mesons production, using electron and/or photon beam facilities.
In the present work we investigate the reaction γ p → η p, in the range of centre-ofmass total energy from threshold up to W ≈ 2 GeV, in order to interpret a large amount of high quality data released from various facilities, namely, differential cross-section data by the following collaborations: MAMI [1] , CLAS [2] , CB-ELSA [3] , LNS-GeV-γ [4] and GRAAL [5] , polarized beam asymmetries by CB-ELSA/TAPS [6] and GRAAL [5] .
The copious set of data has motivated extensive theoretical investigations. Most of the available models are based on meson-nucleon degrees of freedom, in which the Feynman diagrammatic techniques are used, so that the transition amplitudes are Lorentz invariant.
In recent years various advanced approaches have been developed, namely, the unitary isobar model of MAID [7] , Geissen [8] and Bonn-Gatchina groups [9] coupled-channel approaches, as well as the partial wave analysis of SAID [10] . Those approaches have no explicit connection with QCD, and the number of parameters in the models increases with the number of resonances included in the models.
Formalisms embodying the subnucleonic degrees of freedom are also being developed.
Such a program has its genesis in the early works by Copley, Karl and Obryk [11] and Feynman, Kisslinger and Ravndal [12] in the pion photoproduction, who provided the first clear evidence of the underlying SU(6) ⊗ O(3) structure of the baryon spectrum. The subsequent works [13, 14] in the framework of the constituent quark models concentrated mainly on the transition amplitudes and the baryon mass spectrum, predicting still undiscovered or "missing", resonances. However, those approaches did not investigate reaction mechanisms.
In Ref. [15] a comprehensive and unified approach to the pseudoscalar mesons photoproduction, based on the low energy QCD Lagrangian [16] , is developed with the explicit quark degrees of freedom. This approach reduces drastically the number of free parameters, for example, within the exact SU(6) ⊗ O(3) symmetry, the reaction under investigation has only one free parameter, namely, ηNN coupling constant. However, that symmetry is broken and in order to take into account that effect, one free parameter per resonance was introduced in previous calculations [17, 18] . Given that the configuration mixing among the 3-constituent quarks bound states is a consequence of the SU(6) ⊗ O(3) symmetry breakdown, in the present work we use the one-gluon-exchange mechanism to generate the configuration mixing of the wave functions. In this approach, the number of parameters decreases significantly. After the parameters are determined by fitting the data, we then study the contributions from the missing resonances (see e.g. Refs. [19, 20, 21] ). Besides, we give relations connecting the scattering amplitudes in our χQM approach to the photoexcitation helicity amplitudes and partial decay widths of resonances. Our approach offers also the opportunity of investigating new nucleon resonances, for which strong indications have been reported in the literature [9, 18, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] .
The paper is organized as follows. In Section II, the theoretical content of our work is presented. Starting from a chiral effective Lagrangian, the CGLN amplitudes for the process 
II. THEORETICAL FRAME
In this Section we recall the content of a chiral constituent quark approach and relate it to the configuration mixing of constituent quarks states via a OGE model, generated by the breakdown of the SU(6) ⊗ O(3) symmetry. Then we present issues related to the photoexcitation helicity amplitudes and the partial decay widths of nucleon resonances.
A. Chiral constituent quark model
As in Ref. [15] we start from an effective chiral Lagrangian [16] ,
where vector (V µ ) and axial (A µ ) currents read,
with ξ = exp (iφ m /f m ) and f m the meson decay constant. ψ and φ m are the quark and meson fields, respectively.
There are four components for the photoproduction of pseudoscalar mesons based on the QCD Lagrangian,
where N i (N f ) is the initial (final) state of the nucleon, and ω(ω m ) represents the energy of incoming (outgoing) photons (mesons). The first term in Eq. (3) is a seagull term. It is generated by the gauge transformation of the axial vector A µ in the QCD Lagrangian. This term, being proportional to the electric charge of the outgoing mesons, does not contribute to the production of the η-meson. The second and third terms correspond to the s-and u-channels, respectively. The last term is the t-channel contribution.
In this paper we focus on the nucleon resonance contributions. Given that the u-channel contributions are less sensitive to the details of resonances structure than those in the s--channel, it is then reasonable to treat the u-channel components as degenerate [18] .
For s-channel, the amplitudes are given by the following expression [15, 18] :
where √ s ≡ W = E N + ω γ = E S + ω m is the total centre-of-mass energy of the system, and O N * is determined by the structure of each resonance. Γ(q) in Eq. (4) is the total width of the resonance, and a function of the final state momentum q.
The transition amplitude for the n th harmonic-oscillator shell is
The first (second) term represents the process in which the incoming photon and outgoing meson, are absorbed and emitted by the same(different) quark.
In the present work, we use the standard multipole expansion of the CGLN amplitudes [32] , and obtain the partial wave amplitudes of resonance l 2I,2l±1 . Then, the transition amplitude takes the following form:
Expressing the CGLN amplitudes in their usual formulation [33, 34] , leads to the HebbWalker amplitudes in terms of photoexcitation helicity amplitudes,
where
, (9) with A m 1/2 the N * → ηN decay amplitude, appearing in the partial decay width,
where C I πN represents the Clebsch-Gordan coefficients related to the isospin coupling in the outgoing channel.
In Ref. [15] , the partial decay amplitudes are used to separate the contribution of the state with the same orbital angular momentum L. In fact, with the helicity amplitudes of photon transition and meson decay we can directly obtain the CGLN amplitudes for each resonances in terms of Legendre polynomials derivatives:
All f i s are proportional to the meson decay amplitudes. So they can be used to separate the contributions from the state with the same N and L as presented in Ref. [15] .
In our approach, the photoexcitation helicity amplitudes A N * 1/2 and A N * 3/2 , as well as the decay amplitudes, are related to the matrix elements of the electromagnetic interaction Hamiltonian [11] ,
B. Configuration Mixing
The amplitudes in Sec.II A are derived under the SU(6) ⊗ O(3) symmetry. However, for physical states that symmetry is broken. An example is the violation of the Moorhouse rule [35] . In Ref. [17] , a set of parameters C N * were hence introduced to take into account the breaking of that symmetry, via following substitution:
In Refs. [17, 18] , those parameters were allowed to vary around their SU(6) ⊗ O(3) values (|C N * | = 0 or 1). In this work, instead of using those adjustable parameters, we introduce the breakdown of that symmetry through the configuration mixings of baryons wave functions.
To achieve such an improvement, we must choose a potential model. The popular used ones are one-gluon-exchange (OGE) model [36, 37, 38] and Goldstone boson exchange model [39] . As shown in Refs. [40, 41] , these two models give similar mixing angles for the negative parity resonances and the relevant observables. Here, we adopt the OGE model which has been successfully used to study the helicity amplitudes and decay widths [13] of resonances.
In OGE model, the Hamiltonian of system can be written as [36, 37, 38] ,
where the m i is the "constituent" effective masse of quark i and r ij = r i − r j the separation between two quarks. The confinement potential has two components; one written as a harmonic oscillator potential (
Kr 2 ij , with K the spring constant), and an unspecified anharmonicity U(r ij ), treated as a perturbation.
The hyperfine part interaction is the sum of contact and tensor terms,
Here, S i is the spin of quark i, and α s a normalization factor, treated as free parameter [38] .
The hyperfine interaction generates the configuration mixings among the ground-state
) and other configurations, e.g.
, and we use a simple method to deal with the confinement terms in Refs. [19, 37] , where three constants E 0 , Ω, and ∆ are introduced.
In order to illustrate the modifications of the scattering amplitudes due to the SU(6) ⊗ O(3) symmetry breakdown, we give in the following the explicit derivations in the case of the S 11 (1535) resonance . In lines with Ref. [18] , we express the amplitudes A S 11 in terms of the product of the photoexcitation and meson-decay transition amplitudes,
where H m and H e are the meson and photon transition operators, respectively. The wave function can be written within the SU(6) ⊗ O(3) symmetry for n ≤ 2 shells as X 2S+1 L π J P and configuration mixings, with J P the state's total angular momentum and parity,
where θ S and c i can be determined by the OGE model. If we set c 1 = 1 and c 2,3,4,5 = 0 (so θ S = 0), then, the SU(6) ⊗ O(3) symmetry is restored. The improvement compared to Ref. [18] is that here we not only take into account the mixing in the intermediate S 11
resonance but also in the initial-and final-state nucleon. Moreover, for other resonances, we also include directly the configuration mixing of wave functions via OGE model, so that we do not need to introduce the free parameters C N * (Eq. (14)).
The electromagnetic transition amplitudes then take the following form:
Here, the term < N
+ vanishes because of the Moorhouse rule [35] . In
Ref. [18] , the mixing angles are introduced also to give a nonzero value for contributions from the D 13 (1700) resonance, but the nucleon wave function includes only the n = 0 part,
is zero, if we consider only the wave function up to n = 2. Then, in Ref. [18] , for this latter resonance a term identical to the contribution to the η photoproduction on neutron target was added by hands. In this work, the nucleon wave function with n = 2 produces naturally a non-zero contribution with the same form as for neutron target under the SU(6) ⊗ O(3)
symmetry.
Analogously, for meson decay amplitudes we get,
and the ratio
is a constant determined by the SU(6) ⊗ O(3) symmetry.
Then, Eq. (17) reads,
where,
So, if we remove all n = 2 parts from the wave function of the nucleon, as in Ref. [17] , then the factor C S 11 is a constant. However after other contributions are included, it becomes dependent on the momenta k and q. In this work we keep this dependence.
III. RESULTS AND DISCUSSION
With the formalism presented in Sec.II, we investigate the process γp → ηp. A chiral constituent quark model was proven [18] to be an appropriate approach to that end. That work embodied one free parameter per nucleon resonance, in order to take into account the breaking of the SU(6) ⊗ O(3) symmetry. In the present work, this latter phenomenon is treated via configuration mixing, reducing the number of adjustable parameters. As in
Refs. [18] , we introduce resonances in n ≤ 2 shells, to study the η photoproduction in the centre-of-mass energy W ≤ 2 GeV.
A. Fitting procedure
Using the CERN MINUIT code, we have fitted simultaneously the following data sets:
• Differential cross-section: Data base includes 1220 data points, for 1.49 < ∼ W ≤ 1.99 GeV, coming from the following labs: MAMI [1] , CLAS [2] , ELSA [3] , LNS [4] , and GRAAL [5] . Only statistical uncertainties are used.
• Polarized beam asymmetry: Polarized beam asymmetries (184 data points), for 1.49 < ∼ W ≤ 1.92 GeV, from GRAAL [5] and ELSA [6] . Only statistical uncertainties are used.
• Besides the above isospin-1/2 resonances, we fitted also the mass of ∆(1232) resonance.
However, spin-3/2 resonances do not intervene in the η photoproduction.
• Additional resonance: Resonances with masses above M ≈ 2 GeV, treated as degenerate, are simulated by a single resonance, for which are left as adjustable parameters the mass, the width, and the symmetry breaking coefficient.
The adjustable parameters, listed in Table I , are as follows: η nucleon coupling (g ηN N ) , mass of the non-strange quarks (m q ), harmonic oscillator strength (α), QCD coupling constant (α s ), confinement constants (E 0 , Ω, and ∆), three parameters M, Γ, and C * N related to the degenerate treatment of resonances with masses above ≈ 2 GeV, and the strength of the P 13 (1720) resonance. We will come back to this latter parameter.
The spectrum of the known resonances put constraints on six of the adjustable parameters. Five of them (m q , α, α s , Ω, and ∆) are determined through an interplay between the mass spectrum of the resonances and the photoproduction data via the configurations mixings parameters c i (Eq. 20). The sixth one, E 0 , is determined by the mass of nucleon. The coupling constant g ηN N is determined by photoproduction data. The parameter C P 13 (1720) is the strength of the P 13 (1720) resonance, that we had to leave as a free parameter in order to avoid its too large contribution resulting from direct calculation. This latter parameter, as well as those defining the higher mass resonance (HM N * ) are determined by the photoproduction data. Notice that in fitting the photoproduction data, we use the PDG [42] values for masses and widths of resonances.
The complete set of adjustable parameters mentioned above, leads to our model A (see 3 rd column in Table I for which the reduced χ 2 turns out to be large (12.37).
In recent years, several authors [9, 18, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31] The results of baryon spectrum extracted from the present work are reported in Tables II   and III. Table II In Table IV , we examine the sensitivity of our model to its ingredients by switching off one resonance at a time and noting the χ 2 , without further minimizations. As expected, the most Our model B is built upon resonances given in Table IV . In Table V we investigate possible contributions from the missing resonances (Table III) . Here, we add them one by one to the model B, without further minimizations. As reported in Table V , none of them play a noticable role in the reaction mechanism. Please notice that for those resonances we use the masses that we have determined. We have checked the changes of the χ 2 by varying those masses by ±100 MeV. Moreover, given that there is no unique information available on their widths, we have let them vary between 100 MeV and 1 GeV. The effects of those procedures on the reported χ 2 s in Table V come out to be less than 10%.
After having discussed above the s-channel contribution, we end this Section with a few comments. In our models, non-resonant components include nucleon pole term, and u- channel contributions, treated as degenerate to the harmonic oscillator shell n. t-channel contributions due to the ρ-and ω-exchanges [45] , found [46] to be negligible, are not include in the present work. Our finding about the effect of higher mass resonances being very small, supports the neglect of the t-channel, due to the duality hypothesis (see e.g. Refs. [18, 47] ).
Finally, the target asymmetry (T ) data [48] are not included in our data base. Actually, those 50 data points bear too large uncertainties to put significant constraints on the parameters [46] .
B. Differential cross section and Beam asymmetry
In Figures 1, 2 , and 3, we report our results for angular distributions of differential cross In Fig. 1 , we concentrate on the role played by the three most relevant known resonances discussed in Sec.III A (see Table IV ), namely, by removing one resonance at a time, within the model B. The S 11 (1535) is by far the most dominant resonance at lower energies and has sizeable effect up to W ≈ 1.8 GeV, while the S 11 (1650) shows significant contributions only at intermediate energies. The D 13 (1520) has less significant contribution, but its role is crucial in reproducing the correct shape of the differential cross section, especially at intermediate energies.
The importance of the other two known resonances, leading to a significant increase of χ 2 when switched off (see Table IV ), are illustrated in the left panel of Fig. 2 . While, the P 13 (1720) affects extreme angles around W ≈ 1.8 GeV, the F 15 (1680) is visible only at The data are from CLAS (squares) [2] , ELSA (circles) [3] , Mainz (diamonds) [1] , and GRAAL (stars) [5] .
forward angle.
The right panel of Fig. 2 is devoted to the roles played by the three new resonances.
As mentioned above, the main shortcoming of the model A appears around W ≈ 1.7 -1.8
GeV. This undesirable feature is cured in the model B, due mainly to the new S 11 , the mass of which turns out to be M = 1.717 GeV. Fig. 2 illustrates the increase of χ 2 (Table IV) when that resonance is switched off in the model B. Smaller contributions from the new D 15 appear in the forward hemisphere, while the new D 13 has no significant manifestation.
Polarized beam asymmetry results are reported in Fig. 3 . As shown in the left panel of that figure, although the model B gives a better account of the data than the model A, the contrast is less important compared to the differential cross-section observable. from CLAS (squares) [2] , Mainz (diamonds) [1] , LNS (uptriangles) [4] .
The S 11 (1535) continues playing a primordial role, while the effect of S 11 (1650) tends to be marginal. This is also the case (middle panel) for the known P 13 (1720) and missing Fig. 2 . The data are from ELSA (full circles) [6] and GRAAL (stars) [5] .
isolated contradiction reflects the relative weight of data for the two observables (roughly 6 times more differential cross-section data than polarization asymmetry, with comparable accuracies).
This Section, devoted to the observables of the the process γ p → η p, in the energy range W < ∼ 2 GeV, leads to the conclusion that within our approach, the reaction mechanism is dominated by five known and two new nucleon resonances.
C. Helicity amplitudes and partial decay width
As discussed in Sec. IV (Eqs. (20), (21), and (25)), our approach allows calculating the helicity amplitudes and the partial decay width N * → η N within a given model without further adjustable parameters. In Table VI we report on our results within the model B, for all n =1 and 2 shell resonances generated by the quark model and complemented with the OGE model. In that Table   II in Ref. [19] ). Those large values produced by our model forced us to leave the symmetry breaking coefficient for P 13 (1720) as a free parameter (Table I) Once again, our result confirms the general trend observed in other works (see Table II in Ref. [19] ), which very likely reflects the still unknown structure of that resonance. Finally, we put forward predictions also for the missing resonances, for which we find rather small amplitudes, explaining the negligible roles played by them in our model.
The 6 th and 7 th columns in Table VI show our results and PDG values, respectively, for the partial decay widths of resonances decay in the ηN channel, where σ is the sign for π N → η N as in Ref. [13] . Notice that the sign (σ) in the PDG is known only for S 11 (1535). Except for the two star resonance P 13 (1900), the theoretical results are close to the PDG values.
It is worthwhile noticing that all dominated resonances in our model B have large helicity amplitudes, while some of them turn out to have rather small decay widths to the ηN channel. This result indicates that in looking for appropriate reactions to search for missing resonances it is not enough to have rather sizeable decay width, but one needs to put forward predictions for the observables.
IV. SUMMARY AND CONCLUSIONS
A formalism bringing together a chiral constituent quark approach and one-gluonexchange model was presented and used to derive photoexcitation helicity amplitudes and partial decay width of the nucleon resonances.
Our approach gives a reasonable account of the measured observables for the process γ p → η p from threshold up to W ≈ To go further, we are pursing our investigations in two directions,
• In the present work the s-channel resonances with masses above 2 GeV were treated as degenerate, given that the transition amplitudes, translated into the standard CGLN amplitudes were restricted to harmonic oscillator shells n ≤ 2. recently, we have extended our formalism and derived explicitly the amplitudes also for n= 3 to 6 shells.
Model search, including all known one to four star resonances in PDG, for W ≈ 2.6
GeV is in progress [46] .
• Our constituent quark approach applied to the γ p → K + Λ channel [49] , showed that the intermediate meson-baryon states, treated within a coupled channel formalism [50] , have significant effects on the photoproduction observables [31] . A more sophisticated coupling-channel treatment [51] has been developed and is being applied to the η photoproduction reaction. Results of that work will be reported elsewhere.
resonances respectively. But in Ref. [36] the mixing between n = 0 and n = 2 shells is not considered. Such mixings for the ground state are given in Ref. [13] without the contribution of 2 P A . The parameters in that reference are determined only by the mass spectrum. Here we give our results by fitting both the mass spectrum and the η photoproduction observables.
In calculation we follow the conventions in Ref. [13] .
The mixing coefficients reported here lead to mixing angles, Θ S = -31.7
• and Θ D = 6.4
• in agreement with results from other authors [52, 53, 54, 55] . 
